Many viruses such as herpesviruses, hepatitis viruses, and retroviruses evade immunological destruction during acute infection and establish chronic (persistent) infections that may culminate in life-threatening diseases. We have used infection of mice with Friend virus (FV) as a model to study basic mechanisms of immunological control and escape during a chronic retroviral infection (14, 21, 24, 25, 46) . FV is a retroviral complex that induces lethal leukemia in most strains of mice. However, resistant strains of mice exist that develop potent immune responses which allow recovery from acute infection (13, 22) . Mice that recover from acute infection never completely clear virus and remain persistently infected for life (10, 19) . Virus levels are low during the persistent phase of infection, and B cells serve as the predominant reservoir for persistent virus (21) .
The resolution of acute FV infection requires complex immune responses, including antibodies, CD4 ϩ T cells, and CD8
ϩ T cells (20, 41) . CD8 ϩ T cells are critical for recovery, as CD8-deficient or -depleted mice develop high viral loads and severe disease (19, 20, 41) . Critical factors in the CD8 ϩ T-cell-mediated control of acute FV infection are secretion of gamma interferon (15, 38, 39) , and production of the cytotoxic molecules perforin, granzyme A, and granzyme B (55) .
In contrast to acute infection, depletion of CD8 ϩ T cells during chronic infection does not affect virus levels, suggesting that the chronic virus had somehow escaped the CD8 ϩ T-cell response (21) . It has previously been shown that FV was not latent during chronic infection, nor had the virus directly escaped recognition by virus-specific CD8 ϩ T cells. Virus-specific CD8 ϩ T cells adoptively transferred into persistently infected mice were rapidly activated and proliferated as well as the same cells transferred into acutely infected mice. However, the CD8 ϩ T cells transferred into persistently infected mice failed to develop effector function as they did when transferred into acutely infected mice. Cotransfer experiments indicated that CD4 ϩ regulatory T cells from persistently infected mice suppressed the ability of virus-specific CD8 ϩ T cells to produce gamma interferon and eliminate infected cells (14) .
The current study extends the results from these adoptive transfer experiments to the endogenous population of FVspecific CD8
ϩ T cells and investigates the defects at the molecular level. All three of the major molecules involved in cytotoxicity were analyzed: perforin, granzyme A, and granzyme B. The results showed deficiencies in all three proteins compared to CD8 ϩ T cells from acutely infected mice. Interestingly, the regulation of protein expression varied from protein to protein, with only granzyme B being regulated at the transcriptional level. These results suggest the possibility that multiple upstream signals control cytotoxic granule content.
MATERIALS AND METHODS
Mice. Experiments were done using (C57BL/10 ϫ A.BY)
r/s ). All mice were females 8 to 16 weeks of age at the beginning of the experiments. Animals were treated in accordance with the regulations and guidelines of Germany or the Animal Care and Use Committee of the Rocky Mountain Laboratories of the National Institutes of Health.
Virus and virus infection. The FV stock used in these experiments was FV complex containing B-tropic Friend murine leukemia helper virus (F-MuLV) and polycythemia-inducing spleen focus-forming virus (29) . The stock was prepared as a 10% spleen cell homogenate from BALB/c mice infected 14 days previously with 3,000 spleen focus-forming units of uncloned virus stock. Persistently infected mice were mice that had been infected as above at least 8 weeks prior to experimentation and which had recovered from acute splenomegaly. Spleen virus levels in persistently infected mice are generally stable at approximately 10 4 infectious centers per spleen by 6 to 8 weeks postinfection (46) . In vivo cytotoxicity assay. The in vivo cytotoxic T-lymphocyte assay described by Barber et al. (5) was modified to measure cytotoxicity in FV-infected mice. Briefly, FV-expressing FBL-3 and control EL-4 tumor cells were stained with 20 nM and 200 nM 5-carboxyfluoresceine diacetate succinimidyl ester (CFSE), respectively. The labeled cells (10 7 cells of each population) were then injected subcutaneously into the indicated groups of mice; 24 h later the injection site was surgically removed. The tumor cells were then separated from the skin using a metal filter and analyzed for CFSE fluorescence by flow cytometry. Target cells were distinguished from one another based on CFSE staining brightness. The percent killing was calculated by the formula 100 Ϫ [(% FBL-3 in infected/% EL-4 in infected)/(% FBL-3 in uninfected/% EL-4 in uninfected)] ϫ 100.
Intracellular granzyme staining and flow cytometry. Cell surface staining was performed using Becton Dickinson (Heidelberg) reagents. T-cell antibodies were anti-CD43, directed against the activation-associated glycosylated isoform of CD43 (1B11), anti-CD4 (RM4-5), anti-CD8 (53-6.7), and anti-CD107a (1D4B). Dead cells (TOPRO or propidium iodide positive) were excluded from all cell surface analyses. Intracellular granzyme A (polyclonal rabbit-anti-mouse granzyme A immunoglobulin G (IgG), protein A purified) and granzyme B (monoclonal anti-human granzyme B antibody allophycocyanin-conjugated, clone GB12, Caltag Laboratories, Hamburg) staining was performed using the Cytofix/ Cytoperm intracellular staining kit (Becton Dickinson, Heidelberg). After labeling for cell surface markers the spleen cells were washed and intracellular staining for granzyme B was performed according to the manufacturer's protocol. Granzyme A was reacted with a polyclonal rabbit-anti-mouse granzyme A IgG antiserum (kindly provided by M. Simon) and stained with a fluorescein isothiocyanate-conjugated goat anti-rabbit IgG secondary antibody (Dianova, Hamburg, Germany). Data were acquired on a FACSCalibur flow cytometer (Becton Dickinson, Heidelberg, Germany) from 30,000 to 80,000 lymphocytegated events per sample. Analyses were done using B.D. Cellquest Pro software (Version 4.0.1, Becton Dickinson, Heidelberg, Germany).
Quantitative PCR. Total RNA was extracted from 10 5 CD43 ϩ CD8 ϩ T cells by using the RNeasy Micro kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. mRNA was transcribed by incubating total RNA with an oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer (500 ng; Pharmacia, Freiburg, Germany) and RevertAid H Minus Moloney murine leukemia virus reverse transcriptase (Fermentas, St Leon-Rot, Germany) as advised by the manufacturer. The resulting cDNA was used as a template for 18S rRNA (housekeeping gene), granzyme A, granzyme B, and perforin amplification in the LightCycler system (Roche Diagnostics, Mannheim, Germany) by using FastStart DNA Master SYBR Green I (Roche, Basel, Germany). Plasmid vectors expressing one of the cytotoxic molecules or 18S were used for quantification of mRNA molecules.
The primers used were as follows: perforin (380 bp), 5Ј GCT GGT GAA AAG GAC CTC C 3Ј (sense) and 5Ј CAC AGG ACT AGA ACA CCT GC 3Ј (antisense); granzyme A (563 bp), 5Ј GGG GAT CTA CAA CTT GTA CGG 3Ј (sense) and 5Ј ATT GCA GGA GTC CTT TCC ACC AC 3Ј(antisense); granzyme B (135 bp), 5Ј TCA GGC TGC TGA TCC TTG ATC G 3Ј (sense) and 5ЈATG AAG ATC CTC CTG CTA CTG C 3Ј (antisense); 18s rRNA (99 bp), 5Ј GCC CGA GCC GCC TGG ATA C 3Ј (sense) and 5Ј CCG GCG GGT CAT GGG AAT AAC 3Ј (antisense).
Infectious-center assays. Serial dilutions of spleen cells from infected mice were plated onto susceptible Mus dunni cells, cocultivated for 3 days, fixed with ethanol, stained with F-MuLV envelope-specific monoclonal antibody 720, and developed with peroxidase-conjugated goat anti-mouse IgG and substrate to detect foci of infected cells (12) .
Tetramers and tetramer staining. The D b GagL tetramers were constructed by Koen Schepers and Ton Schumacher (The Netherlands Cancer Institute, Amsterdam, The Netherlands) using a peptide in which all three cysteine residues were replaced with aminobutyric acid to prevent interpeptide disulfide bonding as has been described (44) . This variant peptide is recognized by polyclonal D b GagL-specific CD8 ϩ T cells as determined by intracellular gamma interferon staining. For detection of D b GagL-specific CD8 ϩ T cells, nucleated spleen cells were dually stained with fluorescein isothiocyanate-labeled anti-CD8 (Ly-2) (BD Pharmingen, Heidelberg, Germany) and phycoerythrin-labeled major histocompatibility complex class I H2-D b tetramers specific for the FV GagL peptide (9) for 15 min at room temperature. Cells were washed two times, resuspended in buffer containing TOPRO, and analyzed by flow cytometry. Western blotting. CD8 ϩ CD43 ϩ T cells were isolated from spleens of FVinfected (C57BL/10 ϫ A.BY)F 1 mice at 2 weeks postinfection (acute) and 8 weeks postinfection (persistent). CD8 ϩ T cells were first enriched by positive selection using anti-CD8 MicroBeads and magnetic-activated cell sorting (MACS, Miltenyi Biotech, Auburn, Calif.). CD8 ϩ -enriched cells were then stained with anti-CD43-fluorescein isothiocyanate (1B11) and anti-CD8-allophycocyanin (53-6.7) (BD Biosciences-Pharmingen, San Jose, Calif.). CD8 ϩ CD43
ϩ T cells were sorted on a FACSAria flow cytometer (BD Biosciences-Immunocytometry Systems) from a population gated on side scatter, forward scatter, and exclusion of propidium iodide. Protein samples were prepared from 8 ϫ 10 5 highly purified CD8 ϩ CD43 ϩ T cells (Ͼ96%) using the M-PER reagent containing the HALT protease inhibitor cocktail (Pierce Biotechnology, Rockford, Illinois). Protein from approximately 2.4 ϫ 10 5 cell equivalents was separated on a 10% Tris-HCl Ready Gel (Bio-Rad, Hercules, Calif.), and transferred to Immobilon P membranes (Millipore, Billerica, Mass.). The membranes were probed with rabbit anti-mouse perforin antibody (Torrey Pines Biolabs, Houston, Texas), then with horseradish peroxidase-conjugated antibody to rabbit IgG (Pierce) and revealed by chemiluminescence (SuperSignalWest Pico, Pierce). For quantification, the blots were stripped and reprobed sequentially with rabbit antiactin antibody (Sigma-Aldrich, St. Louis, Missouri) and horseradish peroxidase-labeled anti-rabbit IgG and revealed by chemiluminescence.
RESULTS

Virus-specific CD8
؉ T cells with a cell surface effector phenotype were present in mice persistently infected with FV. Previous experiments showed that virus-specific CD8 ϩ T cells adoptively transferred into persistently infected mice rapidly became activated and proliferated as well as when transferred into acutely infected mice (14) . Thus, poor antigen presentation could not account for lack of CD8
ϩ T-cell function in persistently infected mice. Flow cytometry revealed the expansion of activated CD8 ϩ T cells during acute infection that was still present during chronic infection as measured by expression of the activation-associated glycoform of CD43 (8) (Fig.  1A) . During both phases of infection, a large majority of the CD43 ϩ CD8 ϩ T cells were also positive for CD69, a very early activation marker, indicating recent engagement with antigen (data not shown).
To ensure that the activated population of CD8 ϩ T cells reflected the properties of virus-specific CD8 ϩ T cells, the cells were also stained with a major histocompatibility complex class I tetramer specific for cells recognizing the H-2D b -restricted F-MuLV glycosylated Gag epitope (H-2D b GagL) (44) . The mean percentage of activated tetramer-positive CD8 ϩ T cells was significantly increased in both acutely and persistently infected mice, although it was lower in persistently infected animals (Fig. 1B) consistent with their lower levels of spleen virus (Fig. 1C) . All tetramer-positive cells expressed the activation marker CD43 ϩ (Fig. 4) and the vast majority were also positive for CD69 (data not shown). These results confirmed the presence of a significant population of recently activated FV-specific CD8 ϩ T cells in persistently infected mice and made it possible to compare functional properties of CD8 ϩ T cells with an effector phenotype during acute and persistent FV infection.
Impaired cytotoxicity in persistently infected mice. Previous results showed that CD8 ϩ T cells from persistently infected mice were poorly cytotoxic in vitro compared to CD8 ϩ T cells from acutely infected mice (41) (data not shown). To confirm that these results reflected the physiological situation, an in vivo cytotoxic T-lymphocyte assay was performed by injecting CFSE-labeled Friend virus-induced tumor cells (FBL-3) into naive, acutely infected, and persistently infected mice (Fig. 2) . More brightly labeled Friend virus-negative tumor cells (EL4) were coinjected as controls. Twenty-four hours after transfer 77% of the FV antigen-expressing FBL-3 cells were eliminated in the acutely infected mice. By contrast, only 4% of the FBL-3 targets were killed in persistently infected mice. These results indicate a functional impairment of cytotoxicity in persistently infected mice and are consistent with previous studies showing suppressed CD8
ϩ T-cell-mediated rejection of FBL-3 tumors in mice chronically infected with FV (24) .
The cytotoxic activity of CD8 ϩ T cells was further analyzed by examining cell surface expression of CD107a (LAMP-1). CD107a resides on the luminal side of the membranes of cytotoxic vesicles and becomes exposed on the cell surface as a result of exocytosis (6, 43) . Thus, cell surface expression of CD107a indicates recent cytotoxic vesicle degranulation and can be used as a surrogate marker for cytotoxicity. The entire population of both activated (CD43 ϩ ) CD8 ϩ T cells and the tetramer-positive subpopulation were compared between acute and chronic FV infections. In acutely infected mice, a mean of 23.3% of the activated CD8 ϩ T cells were positive for CD107a, while only 5.8% of the cells from chronically infected mice were positive (Fig. 3) . The results were even more striking in the activated tetramer-positive CD8 ϩ T cells, where most of the virus-specific CD8 ϩ T cells were positive for CD107a, while almost none of the cells from persistently infected mice were positive (Fig. 4) . Thus, activated CD8 ϩ T cells from acutely infected mice had significantly higher percentages of cells showing evidence of recent degranulation than the equivalent subpopulations from chronically infected mice.
Activated virus-specific CD8 ؉ T cells in persistent FV infection lack the key components of cytolytic granules. It was previously shown that FV-specific CD8 ϩ T cells from persistently infected mice exhibited low granularity (14) , suggesting that the failure of cytotoxicity and exocytosis could be related to defects in cytotoxic granule production. The expression of three key proteins stored in the specialized cytolytic granules of activated CD8 ϩ T cells, granzyme A, granzyme B, and perforin, was measured. Flow cytometric analysis showed that the percentage of activated (CD43 ϩ ) CD8 ϩ T cells expressing granzyme A was significantly higher in acutely infected mice than in persistently infected mice (Fig. 5A ). Activated CD8 ϩ T cells from acutely infected mice also expressed granzyme B,
FIG. 1. Analysis of CD8
ϩ T cells and FV infection. A. Gated CD8 ϩ T cells from naive acutely infected (2 weeks postinfection) and persistently infected (8 weeks postinfection) mice were stained for CD43 to detect effector T cells. The difference between the means of the group of acutely and the group of persistently infected mice is statistically significant (P ϭ 0.0044, unpaired t test). The mean of total T-cell numbers for each group were for CD8 ϩ T cells: Naïve ϭ 7.8 ϫ 10 6 , acutely infected ϭ 2.2 ϫ 10 7 , and persistently infected mice 3.2 ϫ 10 7 and for CD8 ϩ CD43 ϩ T cells: Naïve ϭ 8. 
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ but the cells from persistently infected mice were extremely low or negative for granzyme B (Fig. 5B) . Activated tetramer-positive CD8 ϩ T cells were also analyzed to confirm that the results from the total activated population reflected the FV antigen-specific subset. Approximately 25% of the tetramer-positive CD8 ϩ T cells from acutely infected mice were positive for granzyme B, while only about 3% of tetramer-positive CD8 ϩ T cells from persistently infected mice were positive (Fig. 5C ). In addition, the mean fluorescent intensity for granzyme B was significantly higher in cells from acutely infected mice compared to persistently infected mice.
Attempts to detect intracellular perforin by flow cytometry using several different antibodies proved unsuccessful, so perforin expression was evaluated by Western blotting. This analysis revealed that CD43ϩCD8 ϩ T cells isolated during persistent FV infection had undetectable perforin, whereas activated CD8 ϩ T cells from acutely infected mice exhibited significantly increased levels of perforin protein compared to naïve CD8 ϩ T cells (Fig. 6 ). The Western blot was stripped and reprobed with anti-granzyme B, confirming the flow cytometry data showing little or no expression in the activated CD8 ϩ T cells from persistently infected mice. Thus, the lack of cytolytic molecule expression in effector CD8 ϩ T cells from persistently infected mice suggested a severe defect in cytolytic granule formation.
Defects in perforin and granzyme expression were mainly mediated at the posttranscriptional level. To determine the level at which downregulation of perforin, granzyme A, and granzyme B occurred in the CD43 ϩ CD8 ϩ T cells from persistently infected mice, mRNA from sorted cells was quantitated by real-time PCR analysis. Interestingly, there were no significant differences in perforin or granzyme A mRNA expression in cells from acutely and persistently infected mice (Fig. 7) . Thus, their dramatic differences in protein expression must have been due to posttranscriptional mechanisms. For granzyme B, mRNA levels were significantly lower in activated CD8 ϩ T cells from persistently infected mice. Although mRNA levels were low, they were still significantly higher than in nonactivated cells from naive mice. Thus, low granzyme B levels may have been due to both transcriptional and posttranscriptional control mechanisms.
DISCUSSION
The current study provides an explanation for the lack of CD8 ϩ T-cell control of virus during persistent FV infections (21) . FV-specific CD8 ϩ T cells expressing activation markers could be detected in persistently infected mice, but they were functionally impaired in their ability to produce lytic granules and thus could not use the cytolytic pathway to kill infected cells. Previous studies in which FV-specific CD8 ϩ T cells were adoptively transferred into chronically infected mice revealed that the transferred cells rapidly up-regulated activation markers and proliferated. This result indicated strong antigenic stimulation, but the cells had an impaired ability to produce gamma interferon and were unable to reduce virus levels (14) . ϩ T cells that were negative (left) or positive (right) for granzyme B are given in the upper quadrants. The mean fluorescence intensities of the granzyme B signals were: acute infection ϭ 15.7 (n ϭ 3) and persistent infection ϭ 11.0 (n ϭ 4). The difference between the groups was statistically significant (P Ͻ 0.01, unpaired t test).
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Furthermore, the transferred cells were low in granularity, suggesting a defect in cytolytic granule formation. Evidence from CD4 ϩ /CD8 ϩ T-cell cotransfer experiments indicated that CD4 ϩ regulatory T cells from persistently infected mice rapidly suppressed the effector functions of transferred CD8 ϩ T cells. Presumably, the endogenous population of virus-specific CD8 ϩ T cells studied in the current experiments would be under the same immunosuppressive pressure by CD4 ϩ regulatory T cells, likely contributing to their loss of effector functions. Additionally, it has been shown in the lymphocytic choriomeningitis virus model that chronic stimulation by antigen can lead to exhaustion of CD8 ϩ T-cell effector functions such as interleukin-2, tumor necrosis factor alpha, and gamma interferon secretion (52) . Since virus-specific CD8 ϩ T cells in mice persistently infected with FV are also subject to chronic antigenic stimulation, exhaustion may also play a role in their dysfunction.
Loss of cytotoxic T-lymphocyte killing mediated by regulatory T cells has previously been noted (11, 28, 30, 48, 54) , but little is known about why cytolytic activity is lost or what types of mechanisms induce loss. One in vitro study of human cytotoxic T-lymphocyte demonstrated that CD4 ϩ CD25 ϩ regulatory T cells suppressed perforin and granzyme B mRNA transcription (7) . This result contrasts with our finding that inhibition was predominantly at the posttranscriptional level, but that difference could be due to in vitro versus direct ex vivo experiments. More consistent with our findings, a study of dysfunctional cytotoxic T-lymphocyte function in human immunodeficiency virus-infected humans showed that perforin protein expression was down-regulated posttranscriptionally (45) .
Functional impairment of CD8 ϩ T cells has been described for patients infected with human immunodeficiency virus and in patients with hepatitis C virus (4, 17, 23, 31, 33, 37, 50) . Both viruses are genetically highly variable and escape from CD8 ϩ T-cell responses by mutations in T-cell epitopes has been discussed as a major reason for the loss of CD8 ϩ T-cell activity in chronic infected carriers (35, 36, 40) . However, other evidence suggests that several viral epitopes of human immunodeficiency virus and hepatitis C virus are recognized by CD8 ϩ T cells throughout the chronic phase of infection (16, 27, 53) and that viral loads in infected patients are more associated with functional properties of CD8 ϩ T cells than with viral mutations (16, 23, 31, 33) . Interestingly, in both human immunodeficiency virus and hepatitis C virus infection CD4 ϩ regulatory T cells have been described to suppress antiviral T-cell responses (1, 2, 3, 26, 32, 51) . Thus, impairment of CD8 ϩ T-cell function via regulatory T cells may be a mechanism contributing to virus escape and the establishment of chronic infections.
It is likely that suppression of cytotoxic T-lymphocyte function has evolved as a mechanism to control the immunopatho- logical damage that can occur as a consequence of cytolytic killing by CD8 ϩ T cells. For example, in the mouse model for hepatitis B infection CD8 ϩ T cells exhibit virus control via gamma interferon and tumor necrosis factor alpha production without causing the liver tissue destruction that would result from active cytolysis (18) . In human immunodeficiency virus infections, the down-regulation of perforin in virus-specific CD8 ϩ T cells from gut-associated lymphoid tissue may be a mechanism to protect the integrity of the rectal mucosa from cytotoxic T-lymphocyte activity (45) . The role of regulatory T cells in dampening cytolytic activity may have evolved as a control over immunopathology (34, 42) . For example, it has been shown that the immunopathological damage caused by herpes simplex virus infections of the eye is significantly more severe in the absence of regulatory T cells (47) . Thus, suppression of cytolytic activity during persistent infections may represent a host compromise between the immunopathological damage that could accompany complete elimination of infection, and the pathological damage associated with the persistent virus. For most persistent viruses the compromise is probably beneficial to the host, but for notable exceptions such as hepatitis C virus and human immunodeficiency virus, the consequences can be lethal.
We have now identified broad impairment of CD8 ϩ T-cell effector functions during persistent FV infection, including reduced gamma interferon secretion (14) and reductions in all three major cytotoxic molecules: perforin, granzyme A, and granzyme B. It may be necessary to down-regulate all three cytotoxic molecules because previous results indicated that deficiency in one or even two of them was not sufficient to prevent CD8 ϩ T-cell function in FV infection (55) . The finding that the down-regulation of granzyme B appeared to be in part at the level of transcription while the regulation of both perforin and granzyme A appeared posttranscriptional indicates complex regulatory mechanisms. The elucidation of these mechanisms could lead to new therapeutic approaches to specifically reactivate CD8 ϩ T-cell functions for the reduction or clearance of chronic viral infections.
